When ram spermatozoa were treated with Ca2l and the ionophore A23187 to induce acrosomal exocytosis, a rise in diacylglycerol (DAG) mass was observed, concomitant with a rapid breakdown of [32P]Pi-labelled phosphatidylinositol 4,5-bisphosphate and phosphatidylinositol 4-phosphate and a rise in [32P]P -labelled phosphatidate. Inclusion of the DAG lipase inhibitor RHC 80267 resulted in further but biphasic increases in DAG; there was an increasing accumulation of DAG with concentrations of RHC 80267 up to 10 1uM, whereas higher concentrations produced lessening accumulation. Inclusion of RHC 80267 in the ionophore induction system also resulted in significant accelerations of the onset of exocytosis. In spermatozoa stimulated with Ca2+/A23187 and the DAG kinase inhibitor R59022, a similar increase in DAG levels together with stimulation of acrosomal exocytosis were observed. Preincubation of spermatozoa with sn-ioleoyl-2-acetylglycerol, rac-l-oleoyl-2-acetylglycerol, sn-1,2-dioctanoylglycerol and sn-1,3-dioctanoylglycerol before treatment with Ca2+/A23187 resulted in a dose-dependent stimulation of exocytosis by all these isomers. Neomycin inhibited Ca2+/A23 187-induced generation of DAG together with polyphosphoinositide breakdown, as well as acrosomal exocytosis. Inclusion of exogenous DAG, however, overcame the inhibitory effect of neomycin on exocytosis. Our results suggest that DAG has a key role in acrosomal exocytosis and that it acts as a messenger rather than as a substrate from which other active metabolites are generated. The lack of stereospecificity shown by the exogenous DAGs implies that DAG does not act by stimulating protein kinase C, but the metabolite's actual target in the sperm cell is as yet unclear.
INTRODUCTION
Activation of many secretory and non-secretory cell types results in the hydrolysis of membrane polyphosphoinositides (PPIs) and the concomitant generation of the PPI-derived second messengers InsP3 and 1,2-diacylglycerol (DAG) (Berridge, 1987) .
Whereas InsP, participates specifically in the modulation of intracellular Ca2l levels (Berridge & Irvine, 1989) , DAG may have a direct effect on several cellular processes. Thus, although in many cells the target of DAG messenger action is a Ca2+-and phospholipid-dependent protein kinase C (Nishizuka, 1984) , this metabolite has been shown to exert other molecular functions (Dawson et al., 1984; Kramer et al., 1987; Das & Rand, 1984) .
Moreover, sequential deacylation of DAG, first by DAG lipase and then by monoacylglycerol (MAG) lipase, results in the release of arachidonic or other fatty acids, which might serve to generate eicosanoids (Hokin, 1985) . On the other hand, phosphorylation of DAG by DAG kinase results in the generation of phosphatidate (PtdOH), which might in turn serve to modulate other cellular processes (Billah et al., 1981; Sundler & Papahadjopoulos, 1981; Jackowski & Rock, 1989) .
At the time of fertilization, the spermatozoon undergoes an exocytotic process (the so-called 'acrosome reaction'), which exposes or releases enzymes to allow the sperm cell to penetrate the egg vestments and also primes the sperm for fusion with the egg itself. Our previous findings have indicated the importance of PPI breakdown as an early event during the exocytosis of the sperm acrosome (Roldan & Harrison, 1989 , 1990a ; ). In addition, we have suggested that inositol phosphates produced as a result of this breakdown do not seem to be involved as second messengers in this exocytotic process . Nothing is known, however, about the role of the other metabolite, DAG. Although DAG could have a messenger action by activating protein kinase C (as in many other cell types), this is unlikely, since we have been unable to detect protein kinase C in spermatozoa (Roldan & Harrison, 1988 , 1990a . It is thus possible that during acrosomal exocytosis DAG may serve either as a substrate to generate other active compounds or as a direct modulator of other events.
Studies on DAG and PtdOH generation after sperm stimulation have led us to conclude that PtdOH, produced by phosphorylation of DAG by DAG kinase, does not seem to participate in events underlying exocytosis in spermatozoa (Roldan & Harrison, 1990b Throughout the experiments the standard saline incubation medium used consisted of 142 mM-NaCl, 2.5 mM-KOH, 10 mmglucose and 20 mM-Hepes, adjusted to 7.55 at 20°C with NaOH (Roldan & Harrison, 1988) ; a medium containing 222 mMsucrose in place of the NaCl was used for washing spermatozoa. Both media also contained 1 mg of poly(vinyl alcohol)/ml and 1 mg of polyvinylpyrrolidone/ml and had an osmolality of 305 mosmol/kg. Ejaculated ram spermatozoa were separated from seminal plasma by dilution and washing through sucrose medium as described by Harrison et al. (1982) . For experiments in which labelled cells were required, washed spermatozoa (about 1 x 108/ml) were incubated in about 5 ml of saline medium containing 125-250 ,Ci of [32P]P,/ml for 60 min at 37°C (Roldan & Harrison, 1989) .
Exocytosis of the sperm acrosome was induced by treating cells with Ca2+ and the bivalent-cation ionophore A23187 in saline medium at 37°C (Shams-Borhan & Harrison, 1981) , and was monitored by phase-contrast microscopy of glutaraldehydefixed samples.
DAG lipase and DAG kinase inhibitors were added to the sperm suspensions together with the ionophore, whereas exogenous DAGs and neomycin were preincubated with the suspensions for 15 min at 37°C before initiation of ionophore treatment.
Lipid analyses
For the quantification of DAG changes, reactions were stopped at various intervals after the beginning of Ca2+/ionophore treatment by addition of chloroform/methanol (1:2, v/v), and lipids were then extracted as described by Bligh & Dyer (1959) . To measure changes in PPIs and PtdOH, lipids were extracted essentially as described previously (Roldan & Harrison, 1989) , except that reactions were stopped with 10% (w/v) HC104 and the pellet obtained after the first centrifugation (at 1000 gmax for 5 min) was resuspended in 5 % HC104. After a second centrifugation, lipids were extracted with chloroform/methanol/conc. HCI (250:500:3, by vol.) and further washed as previously described (Roldan & Harrison, 1989) . In some experiments, changes in DAG mass and in labelled PPIs and PtdOH were measured concomitantly in portions of split samples of Ca2+/A23187-treated spermatozoa, when reactions were stopped with 10% HC104 and lipids extracted with chloroform/ methanol/conc. HCI as described above. Preliminary studies showed that the levels of 1,2-DAG detected with this extraction protocol were not significantly different from those obtained by the Bligh & Dyer (1959) (Bocckino et al., 1987) . DAG was quantified by Coomassie Blue staining (Nakamura & Handa, 1984) and densitometry, using 1,2-dioleoylglycerol (DOG) to construct standard curves for each plate, as described by Bocckino et al. (1987) (Mitchell et al., 1986 DAG levels reached a maximum at 2.5 min, and then declined slowly (Fig. la) .
In order to delineate a possible role for DAG in acrosomal exocytosis, inhibitors of DAG catabolism were included in the induction system to determine their effect both on DAG levels and on rates of exocytosis. When spermatozoa were treated for 5 min with Ca2+/A23187 and increasing concentrations of the DAG lipase inhibitor RHC 80267 (Sutherland & Amin, 1982) , there was a biphasic accumulation of DAG ( The other pathway through which DAG can be catabolized is that involving DAG kinase, which phosphorylates DAG to PtdOH. We have previously found that in ram spermatozoa the DAG kinase inhibitor R59022 (de Chaffoy de Courcelles et al., 1985) stimulates the accumulation of DAG in a dose-dependent fashion, and that this is accompanied by a parallel decrease in PtdOH (Roldan & Harrison, 1990b) . To test the possible importance of this pathway in events leading to exocytosis of the acrosome, spermatozoa were treated with Ca2+/A23187 in the absence or presence of R59022. As shown in Fig. 2(a) , 1986) . The lack of stereospecificity in the DAG effect argues against a role of protein kinase C in acrosomal exocytosis, in agreement with our previous conclusion (Roldan & Harrison, 1988) .
DAG overcomes the neomycin-induced inhibition of acrosomal exocytosis
Neomycin, an aminoglycoside antibiotic that binds to PPIs (Schacht, 1978) and inhibits PPI metabolism (Cockcroft & Gomperts, 1985; Whitaker & Aitchison, 1985; Carney et al., 1985) , has been found to prevent the breakdown of PPIs and the rise in PtdOH induced by Ca2+/A23187 treatment in spermatozoa of several mammalian species (Roldan & Harrison, 1989) . The exocytosis of the sperm acrosome is greatly delayed under these conditions. Experiments were carried out to see if DAG production was similarly affected by such treatment and whether exogenous DAG could overcome the inhibition exerted by neomycin on acrosomal exocytosis. As shown in Table 2 , neomycin caused a considerable decrease in the accumulation of DAG in spermatozoa treated with Ca2+/A23187, concomitant with the decreased PPI breakdown and PtdOH accumulation. Fig. 4 shows that spermatozoa that were treated with Ca2+/A23187 and neomycin also experienced a considerable inhibition of the acrosome reaction as compared with cells treated with Ca2+/A23187 alone (2-factor ANOVA: treatment, F= 97.42, P = 0.0001; time, F= 29.12, P = 0.001). However, if sn-1,2-DOG [a DAG that is able to stimulate the Ca2+/ionophoreinduced exocytosis in spermatozoa (2-factor ANOVA: treatment, F = 9.02, P = 0.007; time, F = 46.94, P = 0.0001; Fig. 4) (Fig. 4) , these results suggest that DAG is acting downstream from neomycin. They also suggest that neomycin does not act by blocking pathways other than those involving the PPIs, because cells treated with neomycin and DAG were still able to exocytose the acrosome.
Because of its highly charged nature, the ability of neomycin to enter intact cells has been questioned, and it has been argued that neomycin might exert its effects by restricting Ca.2+ entry (Griffin et al., 1980) or by increasing the Ca2+ requirement for exocytosis (Whitaker, 1987) . If this were the case in our sperm system, cells treated with exogenous DAG would not have been able to overcome the inhibitory effect of neomycin, because extracellular Ca2+ is needed for several steps during exocytosis in spermatozoa (Roidan & Harrison, 1989) .
DISCUSSION
Exocytosis in many cells encompasses the generation of an array of messengers, and involves several enzymic processes and metabolites. Moreover, cells may exocytose more than one type of secretory granule, and different sets of processes underlying each secretory event may be triggered simultaneously in response to particular agonists. In such cells, the overlapping generation of rmessengers and metabolites that takes\place after-cell stimulation confounds the investigation of the molecular basis of signal transduction. Frm this viewpoint, spermatozoa are very useful models for studying the molecular mechanisms of exocytosis because, being highly differentiated cells, they have a number of distinctive attributes and lack processes common to other cells. For instance, exocytosis relies entirely on the presence of extracellular Ca2l (reviewed by Roldan & Harrison, 1990a) , and it is only after Ca2l entry that phosphoinositidase C (PIC)-mediated hydrolysis of PPIs takes place in both invertebrate (Domino & Garbers, 1988) and mammalian spermatozoa (Roldan & Harrison, 1989; Thomas & Meizel, 1989) . Our earlier studies (Roldan & Harrison, 1989) have indicated that PPI breakdown is an essential early event in the exocytotic process in spermatozoa, and we have therefore attempted subsequently to establish the reason for this.
Of the two products generated from PPI breakdown, our previous studies have suggested that there is no apparent messenger role for Ins(1,4,5)P3 , especially since there are no obvious Ca2+ stores in these cells (see discussion in . We have recently demonstrated that the other product generated during PPI hydrolysis, i.e. DAG, accumulates in spermatozoa in parallel to Ins(1,4,5)P3 and appears to be a key metabolite (Roldan & Harrison, 1990b) . However, DAG's role is not yet clear, because protein kinase C, the target of DAG action in most cells, is not detectable in spermatozoa (Roldan & Harrison, 1988) . The results of our studies using inhibitors of DAG catabolism presented above reinforce the importance of DAG and strongly suggest that it is DAG itself, rather than a derived metabolite, that is the key messenger generated by PPI hydrolysis in spermatozoa.
Spermatozoa stimulated with Ca2+ and A23187 experience a rapid and considerable accumulation of DAG concomitant with the breakdown of both Ptdlns(4,5)P2 and PtdIns4P. However, the hydrolysis of the PPIs is insufficient to account for all the DAG generated (Roldan & Harrison, 1990b) . Work by others has shown that in various cell types the DAG generated after stimulation may originate from several sources (Pelech & Vance, 1989; Exton, 1990) . For example, cell stimulation may result in parallel activation of both a PIC and a phosphatidylcholinespecific phospholipase C, the latter producing a greater and prolonged accumulation of DAGs with a composition different from the PPI-derived DAG (Rodriguez de Turco & Spitzer, 1988; Pessin & Raben, 1989) . In addition, the PPIderived DAG may exert a positive feedback effect by stimulating PLC to generate additional DAG from several phosphoglycerides (Exton, 1990) . At present, it is not known whether such interaction between phospholipid pools exists in spermatozoa, though a PLC has been described in bull spermatozoa (Sheikhnejad & Srivastava, 1986) . It should also be noted that DAGs are by no means the only diradylglycerides generated upon cell activation (see Rider et al., 1988) , and an unusually high proportion of choline and ethanolamine phosphoglycerides present in spermatozoa of various mammalian species have side chains consisting mainly of alkyl or alkenyl groups (Neill & Masters, 1973; Selivonchick et al., 1980; Nikopoulou et al., 1985) . It would therefore be of great interest to study the molecular species of DAG generated after sperm stimulation to determine the origin and nature of such a considerable mass of DAG.
Treatment with inhibitors of both DAG kinase and DAG lipase led to increased DAG levels in stimulated spermatozoa. However, comparison of the effects of the two inhibitors revealed considerable differences. Whereas treatment with the DAG kinase inhibitor R59022 caused a dose-dependent rise in DAG at all concentrations of the inhibitor tested (Roldan & Harrison, 1990b) , treatment with the DAG lipase inhibitor RHC 80267 resulted in a biphasic effect (the present study). Concentrations of RHC 80267 above 10 /LM showed lower stimulatory effects on the amount of DAG accumulated. Since some of the DAG might be the product of PLC activity, inhibition of this PLC by high doses of RHC 80267 (see Sutherland & Amin, 1982; Chang et al., 1988) could account for the lower values of DAG mass, and thus explain the biphasic effect of the reagent.
Surprisingly, when spermatozoa were stimulated with Ca2+/A23187 and RHC 80267, the resulting rise in DAG did not result in any increase in PtdOH labelling, despite the apparently greater availability of substrate for a DAG kinase. It would therefore appear that the DAG arising from inhibition of DAG lipase is unavailable to the kinase. Obvious possible explanations could be that lipase activity is located in a different cellular compartment from the kinase activity, or that the kinase is saturated at low levels of DAG. On the other hand, the bulk of the DAG may arise from PLC action (see above) and may either be generated in a different compartment or constitute a poor substrate for the kinase; recent studies have shown that DAG kinase isoenzymes vary in their 'preference' for DAG substrates (Lemaitre et al., 1990) .
It is also interesting that RHC 80267 and R59022 differed in their abilities to stimulate ionophore-induced exocytosis. Although both compounds raised endogenous DAG levels above those observed after Ca2+/A23187 treatment, the enhancement of exocytosis seemed to be inversely related to the degree of DAG accumulation provoked by each of the two inhibitors. No clear explanation can be offered to account for these effects, but it is possible that they result from differences in location, source or type of DAG generated, as discussed above.
Taken together, our findings suggest that it is DAG, and not a derived metabolite, that is the important molecule in events leading to exocytosis in spermatozoa. This is indicated by the following observations: (a) increases in endogenous DAG take place during cell stimulation leading to exocytosis, and inhibitors of DAG catabolism enhance exocytosis at the same time as causing enhanced accumulation of DAG; (b) addition of exogenous DAGs also enhances exocytosis in stimulated cells; (c) a decrease in endogenous DAG generation, resulting from inhibition of PPI hydrolysis with neomycin, is accompanied by an inhibition of exocytosis which can be overcome by addition of exogenous DAG; (d) since inhibition of DAG kinase results in a decrease in PtdOH production (cf. Roldan & Harrison, 1990b) (Bishop & Bell, 1988) and may thereby set in train DAG-mediated events.
Evidence for a role for arachidonic acid in acrosomal exocytosis has also been presented by others (Meizel & Turner, 1983; Fleming & Yanagimachi, 1984) . Although our results imply that arachidonic acid derived from DAG is not important for this process, other sources of this metabolite clearly exist in spermatozoa, from which it may be released to play a later role. In many cells, arachidonic acid is released from phosphoglycerides by the action of a phospholipase A2, and a considerable amount of circumstantial evidence has been presented to suggest that products derived from phospholipase A2 action may have fundamental roles in sperm exocytosis (reviewed in Yanagimachi, 1988; ).
In conclusion, it is clear that the role and site of action of DAG during exocytosis of the sperm acrosome remain to be elucidated. However, our findings presented above allow us to conclude that, after Ca2+ entry, PPI breakdown mainly serves to generate DAG, which exerts a messenger action by stimulating additional cellular processes leading to membrane fusion. Although fusogenic properties have been recognized for DAG (Das & Rand, 1984; Siegel et al., 1989) , we have argued that such a role is unlikely in sperm acrosomal exocytosis (Roldan & Harrison, 1990a; . The lack of stereospecificity of DAG stimulation of exocytosis described above supports the idea that DAG is not acting to stimulate protein kinase C (Roldan & Harrison, 1988) . Instead, we suspect that, as reported for other cellular systems (Kramer et al., 1987; Bauldry et al., 1988) , DAG messenger action in spermatozoa may be related to the activation of phospholipase A2.
